Two-dimensional (2D) materials have been studied extensively as monolayers 1-5 , vertical or lateral heterostructures 6-8 . To achieve functionalization, monolayers are often patterned using soft lithography and selectively decorated with molecules 9,10 .
Two-dimensional (2D) materials have unique and unusual properties that promise novel applications 6, 11, 12 . Typically, 2D materials need to be functionalized and patterned, just as semiconductor films need to be doped n-type or p-type in a lithographically-patterned way to produce pn junctions (light-emitting diodes, junction lasers, resistors) and transistor structures 10, 11 . Functionalization of 2D materials is done in a variety of ways, e.g., by doping with impurities or molecules, either within the 2D lattices or adsorbed on the exposed surfaces 10 . In particular, functionalization by adsorbates can facilitate catalysis, sensing, optical or magnetic response, nanodevices, or other applications. To achieve selective or multiple functionalization by adsorbates, patterning by soft lithography has been used 9 . 2D materials exhibiting forms of atomic-scale patterning have been proposed based on calculations by the choice of Bravais lattice 13 or stoichiometry 14, 15 . Moiré patterns represent a nano-scale form of patterning imposed by the substrate on otherwise homogeneous 2D materials 16, 17 .
Herein, we report the fabrication of prototypes of a family of 2D materials that are intrinsically patterned on the nano-scale and can be selectively or dually functionalized by adsorbates. We report two prototype 2D materials, each obtained by direct selenization of a monatomic metal substrate. More specifically, we show that, by controlling the annealing temperature and deposition amount of Se on a Pt substrate, we obtain either a homogeneous monolayer PtSe2 in the 1T phase or a "patterned monolayer" comprising a periodic triangular structure of alternating 1H and 1T phases. The size of the triangles can be tuned by varying the density of deposited Se atoms. The choice between a homogeneous 1T phase or patterned 1H/1T phases is reversible. We also report the fabrication of a patterned monolayer of CuSe having periodic arrays of triangular nanopores, with distinct domains.
In both patterned materials, adsorption of different species at preferred pattern components has been achieved, illustrating the potential for selective/dual functionalization. In the above two prototype intrinsically-patterned monolayers, we show that Fe13Se7 nanoclusters, a known catalyst 18 , can be grown selectively in the nanopores of patterned CuSe monolayer, providing a way to avoid aggregation in nanoparticle catalysts. Another molecular species, iron(II) phthalocyanine (FePc), can be selectively adsorbed on the CuSe surface between the nanopores. Throughout the exposition we use density-functionaltheory (DFT) calculations to account for the observations. A prototype of a 2D intrinsically-patterned material is shown schematically in Fig. 1a . The entire monolayer is PtSe2, but the two distinct types of triangles are two different phases, 1H and 1T (blue and yellow triangles, respectively). A large-scale STM image of such a structure is shown in Fig. 1b . We will describe shortly how the patterned structure was fabricated and how we determined that the two kinds of moiré patterns, exhibiting The formation of a homogeneous monolayer 1T-PtSe2 on a Pt(111) substrate by direct selenization has been described in Ref. 19 . Such a monolayer, fabricated by annealing at 270°C during the selenization of a Pt substrate is shown in Fig. 2a . A homogeneous 1T sample transforms to a triangular pattern ( Fig. 2b ) by annealing at 400°C . This elevated temperature leads to the loss of some selenium, leaving vacancies (marked by the yellow arrow) in the film. The transformation process is monitored by the change of chemical states of Se atoms via in-situ X-ray photoelectron spectroscopy (XPS) measurements. As shown in Fig. 2c , the Se 3d core level from the pure 1T structure PtSe2 monolayer exhibits two peaks (colored in red). After annealing the sample to 400°C , the intensity of the initial red peaks decreases and two new peaks (colored in blue) appear. The new peaks have an energy shift of 0.4-eV relative to the initial ones. Considering that a similar energy shift in the XPS spectra has been reported between H-and T-phases in MoTe2 flakes 11 , the XPS energy shift ( Fig. 2c ) in PtSe2 is consistent with a local 1T-to-1H transformation.
Theoretical calculations indicate that free-standing 1H-PtSe2 monolayer is not stable (Supplementary Information Fig. S4 ). For the patterned structure with alternating triangular 1T and 1H areas, the 1H domains are limited in size and are likely stabilized by the surrounding 1T-PtSe2.
We also measured I(z) spectra, which provide information on the local work function. As shown in Supplementary Information Fig. S5 , the derived work function in 1T domains is larger than that in 1H domains, which is confirmed by DFT calculations. These results provide further evidence of the existence of 1H-PtSe2.
The transformation of a pure 1T phase to a patterned 1H/1T phase is reversible. By adding Se atoms and annealing the sample to ~270°C , the triangular pattern reverts to a defectfree homogeneous 1T structure ( Fig. 2a ). The extra peaks in the XPS spectrum of the patterned 1H/1T phase (blue peaks in Fig. 2c ) also disappear, confirming that the sample reverts to a pure 1T structure. The disappearance of the Se vacancies during the reversible transformation provides evidence that Se vacancies mediate the formation of 1H domains.
Based on the above experimental data, we use the schematic drawings in Fig. 2d to g, to show the transformation process and mechanism. Specifically, thermal annealing of a pristine 1T structure PtSe2 film at an elevated temperature leads to the loss of top-layer Se atoms (depicted by the arrows in Fig. 2b ), generating Se vacancies ( Fig. 2e ). DFT calculations find that lines of vacancies are energetically preferred (see Supplementary Information Fig. S6 ) which is in agreement with a previous report 20 . Because of the threefold point symmetry, three directions of such lines are possible, which leads to the formation of triangles, as shown in Fig. 2f . Within the triangle surrounded by vacancies, a transformation of the 1T phase to the 1H phase occurs and leads to a 1H/1T patterned structure. A similar structural transformation has been reported in a MoS2 monolayer 21 .
More details of the 1T-to-1H transformation in PtSe2 can be found in Supplementary Information Fig. S6 and S7.
An alternative method to produce the 1H/1T triangular pattern is to control the initial density of Se atoms. This process is shown schematically in Supplementary Information The preference of molecules to bind on the 1T or 1H domain is determined by the relative binding energies. As shown in Table S1, all the tested molecules have larger binding energies on the 1H domain. The basic idea, nevertheless, is that different molecules can in principle adsorb on the two phases of an intrinsically-patterned 2D material, leading to simultaneous dual functionalization for catalysis or other applications. The possibility of different objects adsorbing on different regions of a patterned material will be demonstrated in the next prototype intrinsically-patterned 2D material, namely monolayer CuSe on a Cu substrate.
In addition to 1H/1T patterned PtSe2, we have fabricated an intrinsically-patterned form of Fig. S10 , we demonstrate that removal of these 13 atoms amounts to removing three complete hexagonal rings and corresponds to maximum gain of energy (negative formation energy) compared with other options for removing atoms. We conclude that formation of 13-atom nanopores at the observed periodicity is the energetically preferred way to relieve the lattice-mismatch strain.
We have been able to demonstrate selective adsorption on the patterned CuSe monolayer with nanopores. Fe atoms deposited on a CuSe monolayer form W-shape clusters in the nanopore hexagonal superstructure as shown in the large-scale STM image in Fig. 4a .
Considering the threefold symmetry of a nanopore, three different orientations of W-shape clusters can be found, as indicated by three "W" letters in Fig. 4a . DFT calculations suggest that the W-shape cluster contains 13 Fe atoms (the atomic configuration and a discussion about other possibilities are presented in Supplementary Information Fig. S11 ). Simulation of the STM image based on this model is provided in Fig. 4c , showing excellent agreement with the atomic-resolution STM image (Fig. 4b ). The proposed model is further confirmed by in-situ XPS measurements. As shown in Fig. 4d , the Fe 2p3/2 and Fe 2p1/2 core-level spectra are located at 707.24 eV and 720.40 eV, respectively, which are similar to the Fe 2p core levels in bulk FeSe 22 . In addition to the W-shape clusters in the periodic nanopores, zigzag-shaped clusters also form in the more extended parallelogram-shaped nanopores at domain boundaries (see Supplementary Information Fig. S12 ). Comparing the two intrinsically-patterned monolayers, i.e. 1H/1T-PtSe2 and CuSe with periodic nanopores, they are both achieved by direct selenization. After annealing at a high temperature, monolayer 1T-PtSe2 undergoes a phase transition and forms the 1H/1Tpattern, while periodic nanopores appear in CuSe monolayer. We attribute the difference in the two prototype systems to the interactions between the epitaxial monolayer and the substrate. In the PtSe2/Pt(111) system, the van der Waals interaction between PtSe2 and the Pt substrate gives freedom to flip the structure from 1T to 1H. In contrast, the interaction between CuSe monolayer and a Cu substrate is much stronger. Emission of atoms and formation of nanopores becomes the way to lower the energy.
Both the PtSe2 and CuSe samples are stable in ambient conditions. The samples were removed from the high-vacuum chamber and were kept in air without protection for more 
The STM images, relaxed models and similated STM images of 1H-and 1T-PtSe2
on Pt (111). (111), which is also in good agreement with the STM image ( Fig. S2d ). For Se-poor condition, μSe is chosen as μSe = ECuSe -ECu-bulk, which reflects plentiful Cu atoms in bulk form. 
The tip effect in the STM image simulations of 1H-PtSe2 on Pt(111).

Comparison between 13 Fe and 15
Stability tests in ambient conditions.
Figure S13 | STM images of intrinsically patterned materials to prove the stability in ambient conditions. a, 1H/1T-PtSe2 on a Pt(111) substrate. Vs = -1.6 V, It = 0.1 nA. b, CuSe on a Cu(111) substrate. Vs = -1.5 V, It = 0.1 nA. The samples were exposed in air for more than 12 hours, then put back in the high-vacuum chamber and annealed at 200 °C for PtSe2 and 400 °C for CuSe to remove possible adsorbates. The STM images show that, except for some contaminants (big bright spots), the samples keep their patterns. 
Adsorption of different molecules on 1H and 1T PtSe2 on Pt(111).
